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Is it still worth searching for lepton flavor violation in 

rare kaon decays? * 
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Institute for High Energy Physics, Protvino, Russia 
Abstract 

Prospective searches for lepton flavor violation (LFV) in rare kaon decays at the 
existing and future intermediate-energy accelerators are considered. The proposed 
studies are complementary to LFV searches in muon-decay experiments and offer a 
unique opportunity to probe models with approximately conserved fermion-generation 
quantum number with sensitivity superior to that in other processes. Consequently, 
new searches for LFV in kaon decays are an important and independent part of the 
general program of searches for lepton flavor violation in the final states with charged 
leptons. 

1 Fundamental fermion generations of the Standard 
Model, lepton flavors, and neutrino oscillations 

The Standard Model (SM) provides a good description of physics phenomena in the range 
of masses up to several hundred GeV. The SM includes three generations of fundamental 
particles - quarks and leptons: 



it, d, e, u e — first generation, 
c, s,/i, Up — second generation, 

t,b,T,u T — third generation. (1) 

Strong interactions between quarks (characterized by special quantum numbers: flavors 
and colors) are realized by the exchange of eight types of massless colored vector gluons. 
These interactions are described within the framework of the modern theory of strong pro- 
cesses - Quantum ChromoDynamics (QCD). QCD formalism allows to perform reliable per- 
turbative calculations at the leading or next-to-leading logarithmic order at sufficiently short 

*An extended version of the talk given at the Chicago Flavor Seminar, February 27, 2004. 
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distances (below 1 — 2 GeV -1 ). The fact that quark and gluons carry color quantum number 
makes them unobservable as free particles (the concept of confinement). Strong interactions 
conserve quark flavor; consequently quarks cannot change flavor in strong processes and can 
only be rearranged into various combinations, produced in pairs (qq), or undergo annihilation 
of such pairs. 

Electroweak interactions involving quarks and leptons are carried by the massive inter- 
mediate vector bosons W ± , Z and the massless photon 7. Weak interactions of charged 
currents carried by the W^-bosons change the quark flavors. (A scalar Higgs boson H° 
predicted in the SM is also expected to play an important role in weak interactions; however 
its very existence is yet to be established experimentally.) 

The Lagrangian of electroweak interaction is based on the broken SU (2) L xU (l)y group, 
which includes left-handed quarks and leptons that form weak-isospin doublets: 




as well as right-handed quarks and leptons qR,ln, that form weak-isospin singlets. Here d', 
s , and b are mixed quark-states, with mixing described by the CKM-matrix. 
The left and right-handed fermions can be represented as 

= ^(1-75)^, ^ = ^(1 + 75)^ (4) 

Leptons of the fundamental fermion generations are characterized by the lepton flavors 
(L e for the first generation, for the second one, and L T for the third family). In the past 
it was assumed that all these lepton flavors are conserved and that all the neutrinos are 
massless particles. We also will use L = L e + L M + L T - total lepton number. 

However, lepton flavor conservation is not necessary forced by a global symmetry of a 
[/(l)-type, as is the case, e.g., for the conservation of electric charge. Therefore, searches 
for lepton flavor violation (LFV) constitute an important direction in experimental particle 
physics and, as such, have been carried out for the past half-a-century. Despite of numerous 
experiments, no LFV-processes involving charged leptons have been observed as of yet, 
while the sensitivity of these searches has been steadily increasing by about two orders of 
magnitude every decade (see Fig. 1 [1]). Current upper limits on branching fractions of 
various LFV-decays with charged leptons are presented in Table 1 [2-12]. 

It was a brilliant idea by Bruno Pontecorvo [13] of the possibility of neutrino oscillations 
if lepton flavors are not conserved, which, after four decades of experimental and theoretical 
efforts, has led to a great discovery. Neutrino oscillations have been observed in experiments 
with atmospheric and solar neutrinos [14,15], reactor neutrinos [16], and possibly even ac- 
celerator neutrinos [17] (see also recent reviews [18]). 



2 



BR 

lO" 1 

10" 3 
10" 5 



10-" 



o 

♦ 



9>n 



♦ % 8 

1 y h * o S 

' o* ^ 



_j i i i_ 



1940 1950 1960 1970 1980 1990 2000 



Figure 1: Historical progress of LFV-searches for various processes with muons and kaons 
[1]. Notations: o - /j, — > cy, ♦ - pL — > 3e, • - pT + A — > e~ + A - muon processes; - — > e//, 
+ - fT + — > 7r + e/i - kaon processes. As seen from the plot, the sensitivity of LFV searches 
has been increasing on average by two orders of magnitude per decade. 

It is worth emphasizing that no radical changes to the SM are required to explain the 
neutrino oscillations. Apparently it is sufficient to make only a minor change in the SM 
Lagrangian by including a neutrino mass-term that is non-diagonal in flavor neutrino fields. 
In addition, a neutrino mixing matrix must be introduced; this PMNS-matrix (Pontecorvo- 
Maki-Nakagava-Sakata [13,19]) is somewhat similar to the CKM- matrix that describes quark 
mixing. However, while the CKM-matrix is responsible for rich physics in the quark sector 
of the SM, the PMNS-matrix may result only in quite limited phenomenology. 

To illustrate this limitation, let us consider other LFV-processes with charged leptons, 
e.g., a LFV decay /i — > e + 7. As it might appear from examining the Feynman diagram in 
Fig. 2, this decay could be explained by the neutrino- mixing mechanism. However, the fact 
that neutrino masses are so small suppresses the branching fraction of this decay way below 
our ability to detect it experimentally (see [20]): 

2 

< lO" 48 . (5) 

Here U is the PMNS-matrix, v i are neutrino mass and lepton flavor (LF) eigenstates (m Ui < 1 
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Figure 2: The diagram of the [i — > cy decay via neutrino mixing. 

eV), and = J^i^^i, v e = J^i^ei^i are the states produced in association with muons 
and electrons; they are neither mass nor LF eigenstates. 

The above example illustrates that it is possible that neutrino oscillations are the only 
processes with observable LFV. If neutrinos are Majorana particles the other observable new 
effect can be a neutrinoless double-/3-decay Z — > (Z + 2) + 2e _ with electron lepton number 
violation, |AL e | = 2. 

Nevertheless, we hope for a more interesting possibility: a discovery of new physics 
phenomena beyond the SM in LFV decays (/i — » cy, fi — » 3e, K\ — > ep,, K + — > 7i + fi + e~, etc). 
These searches have been a subject of growing interest from the particle physics community, 
especially after the observation of LFV in neutrino oscillations. The latter have established 
that lepton numbers L e , L M , and L T are not conserved separately. There are many theories 
beyond the SM that predict such a violation in the processes with charged leptons, which are 
forbidden in the SM. As a rule (see below), many of these new LFV mechanisms are sensitive 
to very high energy-scales that cannot be probed directly even with the new generation of 
supercolliders. Thus, searches for rare LFV decays may offer a unique window to this type 
of new physics. 

As there are different types of LFV-processes, they may be sensitive to different mecha- 
nisms of lepton flavor violation and thus yield complementary information about its origin: 

a) Pure leptonic LFV-processes (fi — > ey, /i — > 3e, r — > /ry, r — > ej, r — > 3/, etc). 

b) Quark-lepton LFV processes of the d — > dfxe type (neutrinoless conversion /i~ + 
(A,Z)^e- + (A,Z)). 

c) Quark-lepton LFV processes of s — > d/ie type (kaon LFV decays K\ — > //e, K — > 7Tyue, 
etc). 

d) Lepton-number-violating decays - L-nonconservation (neutrinoless 2/3-decays, K + — > 
7T-/+/+, etc). 



Table 1: Upper limits for BR of the LFV processes [2-12] 





90% C.L. upper limit on BR 


Future proposals 


TTT\ =F T 

Kl - e* M ± 


4.7 x l(T i:,i (BNL E871) [2] 




TTT\ Ti — X 

Kl -> tt ^* 


3.3 x 10" 1U (KTcV) [3] 




-» e ± e ± ^^ 


4.12 x 1CT 11 (KTcV) [3,4] 




K+^n+n+e- 


1.2 x lCT 11 (BNL 865) [5,10] 


CKM 
— 10 12 


K + ^TT + /i-e + 


5.2 x 10 _iU (BNL 865) [6] 


-rr±- X X 

K + -> 7r e+e + 


6.4 x 10~ iU (BNL 865) [6] 


if + -» 7T-e+/i+ 


5.0 x 10" 1U (BNL 865) [6] 




3.0 x 10" 9 (BNL 865) [6] 




< 4.0 x 10~ 8 [11] 


/x -> e7 


1.2 x lO" 11 (MEGA) [7] 


10~ 14 (PSI) [21]; neutrino factories 

~ io- 15 


/z — > 3e 


1.0 x IQ- LA (SINDRUM) [8] 


/x- + Ti -> e" + Ti 


4.3 x 10" i2 (SINDRUM II) [9] 


10" iV (MECO) [23]; 10" iy J-PARC [24] 


r -> 67,^7,3/ 


< 10~ b - 10-' [12] 





In principle all these four types of processes are important for future searches for lepton 
flavor violation. However, to date only the first two types of processes (and neutrinoless 
double- /3-decay) have been subject of the renewed theoretical and experimental interest. 
Several ambitious projects have been proposed to search for the /i — > e + 7 decay up to the 
branching fraction of ~ 10~ 14 [21], which may be further lowered by one or two orders of 
magnitude at future neutrino factories (similar to the case of the \i — > 3e searches). Using 
the idea of Ref. [22] and the new technique of superconductive traps, the MECO experiment 
has proposed to increase the sensitivity of F — ^ z^capt ur f) ^° ^ e ^vel of 1CT 17 [23], 
which may be further improved to 10~ 19 by the J-PARC project [24]. 

On the other hand, there are no specific new proposals and quite limited discussion on 
further searches for LFV kaon decays. Nevertheless, as we show below, these processes may 
possess certain unique properties and could provide complementary information about lepton 
flavor violation compared to the better-explored processes a) and b). 



2 Phenomenology of kaon LFV-decays 

Let us consider kaon decays with lepton flavor violation: 

K - e~n + (6) 

and 

K -> ite~n + . (7) 

Here we present a brief phenomenological description of these processes [25,26] (see also 
Refs. [27,28]). Only axial and pseudoscalar hadron currents can contribute to the {0\H w \Kl) 
amplitude of the decay (6), since the K- meson is a pseudoscalar particle. On the other hand, 
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scalar, vector, and tensor hadron currents can contribute to the (n\H w \K) amplitude of decay 
(7), since the ir meson is also a pseudoscalar. The matrix element for the decay K\ — > e~/i + 
is: 

Gp 

M — ~j= [j\(f' A U e >y\V^ + fAUelhlxV^) + Jpif'pUeV^ + fpUel^V^)] , (8) 

with the axial and pseudoscalar hadron currents given by: 

j\ = P x m K aA l fK = P X m K aA and 

V27TIK 

J P = m 2 K a P ip K = m 2 K a P —^=, (9) 

respectively. Here ipx is the pseudoscalar kaon wave function with the normalization ^75=, 
P x is the four-momentum of the kaon (P x = P x + P x ), and dp, a a are dimensionless 
parameters determined by the means of current algebra from the comparison with the K^ 2 
decay with the kaon decay constant fx = 159.8 ± 1.5 MeV: cla = — 0.46 and ap = 

cla "V^ = 2.1, where m s ~ 100 MeV and ma ~ 7.5 MeV are the strange and down-quark 

"current" masses [25]. The terms ^/a, ~^kf p -> an< ^ ^/p describe general lepton flavor 

violating interactions of the kaon and non-SM lepton currents. Since the LFV interactions 
are already accounted for in Eq. (8), we do not include the Cabibbo angle sm$ c in the 
expression for the matrix element M. 

Using Dirac equation for lepton spinors (P M + m^)v^ = (P Xr y\ + m^v^ = and u e {P e — 
m e ) = (where and u e are spinors representing the antiparticle fi + and the particle e~) 
and the commutative properties of the Dirac 7-matrices, we obtain: 



M 



Gf f m K a K 

y/2 



f A U e (P e + P^Vf, + f A U e ^(P^ + Pe)v» 



+ 



m K ap 
\ / 2m K 



[f'piUeV^) + /p(u e 75^)] 



G F ( m K a K , _ _ 



y/2 \V2m K 



m K ap 
\ / 2m K 



[fpUeVy) + fpUe^V^] 



\ / 2m K 



(10) 
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with the dimensionless amplitudes A and B given by: 



A = 



B 



Gf 

—7=m K [-/a("V + m e )a A + fpm K a P } 
\J2 

G F , , m K a P 

m K m^a A -}a + Jp 



V2 
Gf 

Gf 
V2 



m K a A 



m^aA 

-f'A( m v -rn e )a A + f' P m K 



2.00 x 10- 7 [-f A + 9.9/p] 
dp 



a A 



rriKm^aA 



, , ,, m K a P 
U + h m,a A 



2.00 x W~ 7 [-f A + 9.9/p 



(11) 



The square of the matrix element can be found using standard techniques (see, e.g., Ref. 
[29]) to be: 



[\A\ 2 +\B\ 2 ] (P,P e ) 



2m 



K 



(12) 



(here we neglected the term proportional to m e ), which corresponds to the decay (6) width 
of: 



8tt 



1 - 



m 



2 \ 2 



m 



A" 



U| 2 + 151 



18.1 MeV x WAV + \B\ 



(13) 



In models with \f A \ = \f' A \ and fp — f' P — (axial-only interaction) we obtain from Eq. 
(11) and a 2 A = 2f^/m 2 K (with kaon decay constant f K = 159.8 ± 1.5 MeV): 



\A\ 2 + \B\ 2 = 2G 2 F \fA\ 2 f 2 K m 2 , 



(14) 



BR(K° - e-n+) ■ r(Kir = ^(K - = ^{f^ flK (l - ' (15) 



and 



2 \ 2 

l £■ 



m 



K 



(16) 



Let's compare this LFV kaon decay with the SM K + — > decay (see, e.g., Ref. [29]): 



BR(K + - ^vMK+r 1 = T(K+ - = 3^^ ^ (l - . (17) 
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From Eqs. (16), (17), Table 1, and Ref. [12] we find, at the 90% confidence level (C.L.): 



B l 



BR(K° L 



e^fj^) r{K + ) 



BR(i^ 



Tift) 



Mf A \ 2 (G F /V2y 

sin 2 & c {G F /y/2f 



< 1.75 x l(T i2 (90%C.L 



Let's consider a dynamical model for the decay (6) with an s-channel exchange of a new 
boson, X°, which couples to the pairs (see Feynman diagram in Fig. 3). In this case 

the probability of the decay (6) is proportional to 



and, from Eqs. dHJ) and flTg)) , 



r 12 


fh!h"\ 


1 2 


Wx) 



(19) 



titi 

Ml 



h'h" 
~mJ~ 



sin 2 1? 



sin § r 



Mi 



IV 



M 



16 



(sin $ c g 2 



h! 
1? 



h" 



M 



-Mi 



IV 



2.86 x 10 4 



/A" 



5 2 /8/ sin 2 tf c 





2 






) 









(20) 



The mass of the X° particle can be obtained from Eq. (|20|) : 

2 -i 



M x 



4Mw 



h'h" 



g 2 /8J sin 2 ^. 



(21) 



Assuming 



h'h" 

9 2 /8 



~ 1, we find 

M x = 3.0 x M W B^ = 2.6 x M w x 10 3 GeV « 210 TeV. 



(22) 



As is seen from (I22J) . kaon LFV-decays may be sensitive to very large energy scales, 
not accessible even at the future generation of supercolliders. However, models with the 
s-channel exchange of an X° particle are severely constrained, as they would result in a 
significant mass splitting between the Kg and K® mesons due to the mixing process 



K° <=► X° *± K°, 



(23) 



shown in Fig. 4. The resulting K\ — K s mass difference is given by (see Refs. [25] and [28]): 

2 / ,„ \ 2 



Am' K « -m K f 2 K 



h" 



M 



x 



-m K (2 x 1Q-* M w ) 



h" 



M 



x 



(24) 
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Figure 3: Feynman diagram for the K\ 
of a heavy new boson X°. 



e T / u ± LFV-decay due to an s-channel exchange 



with fx ~ 160 MeV ~ 2 x 10 3 Mw- Under the extreme assumption that process (f2*3*|) is 



responsible for the entire kaon mass splitting Attlk (i.e. 
we obtain from Eq. 



Am' K = Am K = 3.49 x 10~ 12 MeV), 



h" 



-Mi 



w 



M x J m K 
and therefore from Eqs. (jSOj) arid (f23j) we find 



Am K 3 10 6 
_ 



6.57 x 10 



-10 



B x < 2.86 x W 



h! 

1? 



h" 

Ml 



Mi 



w 



1.23 x 10 



-14 



b! 
1? 



(25) 



(26) 



which is lowered even further, as one would expect Am' K < Amx, due to the fact that SM 
weak interactions alone can account for a significant fraction of Am^. The only possible 
way to make Bi given by Eq. (22) comparable with the existing experimental limits (see 
Table 1) is to introduce large difference between the quark and lepton couplings of the X° 
boson, {h! /h") > 10. It should be noted that such a ratio of coupling constants might 
not be unnatural. For example, a similar ratio of the 1^-boson couplings to leptons and 
strange quarks is observed in the SM: -r^g- ~ 5 (for heavier quarks this ratio is even larger). 
Nevertheless, bearing in mind that Am! K is expected to be much smaller than Aitlk, it 
seems that the only plausible scenarios that would yield detectable values of B\ are either if 
there is exists a symmetry that suppresses the K° X ^ K° mixing, or if the decay (6) 
is due to a different mechanism (e.g, an exchange of a leptoquark with cross-generational 
couplings, see Fig. 5; note that such a leptoquark exchange will also impact /i — > e conversion 
in + (A, Z) — > e~ + (A, Z) and other LFV-processes involving leptons and quarks). 

The pseudoscalar and axial-vector amplitudes for the s dfie~ process (fT° — > e =F / u ± 
decay), as well as the vector and scalar amplitudes for the K — > neft decay with the s- 
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channel X° boson exchange have been calculated in Ref. [28] assuming generic operators 

Qv,a= Sl^[°L<iPL + C Rq P R }spi 1 a [C Ll P L + C Rl P R }e + h.c. ) 

Qs,p= 2!%^ [C' Lq P L + C' Rq P R ] sfi [C' U P L + C' m P R \ e + h.c. ' ^ 

where P L — (1 — 7s)/2, P R — (1 + 7s)/2, and gj^, C, C" are the interaction constants. The 
resulting branching fractions for the K ^ efi and — > 7re/i decays are shown in Fig. 6 as a 
function of the mass parameter Mx for the case of the SM-like X-coupling (g x = g 2 ) and 
for C = C = 1 (see Ref. [28]). 

3 Lepton-flavor violating kaon decays and fundamental 
fermion generations with approximately-conserved 
generation number 

As was mentioned above, searches for LFV in kaon decays are complementary to the rare 
muon-decay experiments looking for /i — > ej, /i — > 3e, or fj,~ + (A, Z) — > e~ + (A, Z). Kaon 
decays are the only processes sensitive to the neutral-current transition s — > d/xe, which 
may have special properties. These processes offer a unique possibility to study decays 
that violate fundamental-generation quantum number and to derive the selection rule for 
transitions involving this quantum number. 

Indeed, as both quarks and leptons of different generations play role in these LFV-decays, 
it may be possible to compensate a generation change in the quark sector by a corresponding 
change in the lepton sector. This possibility has been discussed in the past and is best 
summarized in Ref. [30], where a a new quantum number G was introduced to characterize 
fundamental fermion generations (1) of the SM. All flavor-changing neutral current (FCNC) 
LFV-processes are classified in the corresponding change in this quantum number between 
the initial and final states: AG = Gf g — Gj g . 

If only the transitions between the fermions of the first two generations are considered, it 
is possible to assign arbitrary values of G to these generations. For example, one can assign 
G\ = 2 for the fermions of the first generation and G2 — 1 for those of the second generation 
(corresponding antifermions will have G 1 = —2 and G 2 = —1, respectively). Then, as is seen 
from the diagrams with the X°-boson exchange shown in Fig. 7, various FCNC processes 
can be classified according to the change in G, AG, as shown in Table 2. 

Physics behind the quantum number G and the very existence of the AG = selection 
rule have not been established. Searching for LFV in kaon decays would only be interesting if 
this selection rule holds (at least approximately) and thus suppresses the |AG| > processes 
significantly. If this is the case, the constraints on the t-channel exchange of the X° boson 
from the K° ^ X° ^ K° mixing would be relieved, as the mixing occurs only at |AG| = 2 
(i.e., at the third order, see Table 2), which is suppressed significantly by the AG = selection 
rule. It should be also noted that models with the approximately conserved generation 
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Table 2: Classification of LFV-processes via the change in the generation quantum number 
AG in the model of Ref. [30]. 



Order in AG 


AG 


Processes 


First 


AG = 


K + ^7i + /2 + e-; Kl -> e^l K\ -> iPe*^ 


Second 


AG 


= 1 


/i — ► 3e; /x — ► e7; \i~ + A 7 " — > e~ + N 


Third 


AG 


= 2 


AT U ^AT U (Am(i^-^)); /i"e + /x + e~; AT+ ^7r+/i"e + 



Some examples to illustrate the AG selection rule: 

a) K + ^n + fi + e~ } (su) — > (ud)fi + e~ 

G in = -1 + 2 = +1; G /m = + (-1) + 2 = +1; AG = G fin - G m = 



b) if c 



■> e /i + } (sd) — > e /i + 

G m = +l;G /in = +l;AG = 
e + //~ } G m = +1; G /in = -1; AG = -2 
e"/i+ } AG = +2 
e+At- } AG = 



If the dominant decay has AG = 0, 



K 



K° - -±\K° 



K°) 

i.e. there is an additional factor 
of | in the matrix elements for 
these decays. 



c) fi- +N -> e" +iV \ G in = +1 + G(JV) \AG = +1 

" G /m = +2 + G(iV) 



d) X°^X°}G in = +l 

G/jn = — 1 



AG 



number would result in significant difference between the K + — >ir + fi + e~ (AG = 0) and 
K + ^7r + fi~e + (|AG| = 2) decay rates (see Table 2). 

All in all, if the fermion generation quantum number G is approximately conserved and 
the selection rule AG = holds, further searches for rare kaon LFV-decays may be of great 
importance. 

Let us illustrate this statement by considering a dynamical model with extra spatial 
dimensions discussed in Refs. [31] and especially [32]. Listed below, is a brief summary of 
the main aspects of this model: 

a) The model [31, 32] is based on a M 4 x S 2 space-time with usual four-dimensional 
Minkowski space-time and two extra spatial dimensions compactified on a two-dimensional 
sphere with the radius R. The fundamental SM fermions form a single generation in 
the six-dimensional space-time and this single generation is then reduced to the three 
fundamental generations of the SM (see (1)) localized in different regions of the mul- 
tidimensional space and characterized by the generation quantum numbers Gj. These 
quantum numbers correspond to quantized angular momentum in the compactified 
S 2 space and are fixed to Gi = 2, G 2 = 1, and G 3 = for the three SM fermion 
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Figure 6: Branching fractions for the LFV decays: (a) K° L — > ep, and (b) K — > irefi, as a 
function of the mass parameter Mx in Eq. (27) (assuming SM-like gx = 9 and C — C — 1). 
In (a), the solid (dotted) curve corresponds to the A (P) exchange. In (b), the K\ decay mode 
is represented by the solid (S) and dashed (V) curves, while the K + mode is represented by 
the dash-dotted (S) and dotted (V) curves (see Ref. [28] for detail). Here V, A, S, and P 
correspond to vector, axial-vector, scalar, and pseudoscalar interactions. 
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Figure 7: Feynman diagrams for lepton-flavor violating processes in models with the 
generation-number selection rule (see text and Table 2 for detail). 
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generations (and Gi = —2, G 2 = — 1, G 3 = for the corresponding antifermions). 



b) A distinct feature of the model is the existence of LFV-processes with charged lep- 
tons in the final state. The probabilities of these LFV-transitions are determined by 
the structure of extra space, i.e., by the inverse of the compactification radius ^, cor- 
responding to the energy spacing between the Kaluza-Klein modes of gauge bosons 
propagating in extra dimensions. 

c) As the mixing between different fermion generations is small, the generation quantum 
number is approximately conserved and the selection rule AG = applies. Thus, 
branching fractions for the |AG| > decays are suppressed: 



BR ~ |e' AG ' I 2 , 



(28) 



where e is the generation mixing parameter. 



d) The strength of fermion interactions with the SM gauge bosons and Higgs bosons is 
tuned (see [31,32]) to reproduce the observed fermion masses and CKM-matrix ele- 
ments. From these data the mixing parameter for the quark sector e = e q is estimated 
to be e q ~ 1CT 2 . For the lepton sector the mixing parameter e = e L can not be 
extracted in a model-independent way. Therefore we will use two values of this param- 
eter, which do not contradict the existing experimental data: a) e L ~ e q ~ 1CT 2 and 
b) e L ~ 1(T 3 . 

Following Ref. [32], we consider three types of FCNC LFV-processes with different 
values of AG and perform simple evaluation of their probabilities by comparing lepton-flavor 
violating and dominant, lepton-flavor conserving processes with similar kinematics. 



I. LFV decays, allowed by the selection rule AG = (K Q L 



e*^; K+ 



e^/r* 1 can be compared with that for the 



The branching fraction of the decay K\ 
SM decay K + — > yU + z/ M , following procedure of Section 2 and taking into account the 
factor of | in the amplitude for the AG = decays (see note in Table 2). For this 
decay in model [32]: 



T(K L - eV) 



1 



16-7T V 16 cos 2 6 



w 



CW) m K mlf K (l- 



where ( = 0.4 is a parameter of the model. Therefore, 

eV=) t(K+) 
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16 cos 2 9w 



(29) 
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(see Eq. (18)). This can be translated in the following limit on the inverse radius of 
compactification in this model: 
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R 



— > 



w 



Mi 

cosi/V 
M w 



BR(K+ ^ pi+u^r(K L ) 



2 sin 2 -& w — sin 2 -& w + - 
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(sinV) [ BR ^° ^ eT / i± ) _1 x °- 64 x 4.19] 1/4 x 0.595 



^sin^f 



1/2 

x 0.51 
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101 v / CTeV~64TeV. 

For another LFV-decay with AG 
derived in Ref. [32]: 



0, K + — > 7r + /i + e , the following limit has been 
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1 My 
— > ■ 

R cos'&w 



c 
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1/2 r 



£BR(7T 



n l/4 



7r+/i+e" 



(32) 



Here £ = (4sin 2 i?w/3 — 1) 2 (1 + (Asm 2 $ w — l) 2 ) + (16 sin 2 $ w cos 2 tV/3) 2 « 1.38. 
From the current limit BR(fT + — > 7r + /i + e~) < 1.2 x 1CT 11 , the following limit on the 
compactification scale has been obtained: 



- > 22 TeV. 
R 



2. LFV-suppressed decays with |AG 

First, we consider the decay /i + — > 
It can be compared with the SM decay /i + 

BR(fi + -> 3e) 



= 1. 

e + e + e~, which proceed with | AG| 
e+z/ e z/^: 

2 2 [1 + 20 sin 4 $ w 



(33) 



1 (see Table 2). 



BR(/i+ -> 
which corresponds to 

1 

R 



3 + 



-L- = (M w i? 4 )(e L ) 2 C , , 

v e v^ [ 2 cos 4 ?V 

(M w R 4 )(e L ) 2 ( 2 x 1.90 < 1.0 x 10~ 12 , 



> 60 TeV^el = 



6.0 TeV (e L 
1.9 TeV (e L 



10~ 2 ) 

io- 3 ) 



(34) 



(35) 



The n — > e7 decay in this model is suppressed additionally by a loop factor and 
therefore has a small branching fraction compared to that in the /j, — > 3e decay. 

Potentially the most interesting LFV-process with |AG| = 1 is neutrinoless /x — > e 
conversion in a field of a nucleus /i - + Z — > e~ + Z. The dependence of the probability 
for this LFV-process on the compactification scale R is given by (see Ref. [32]): 



V(pi- + Ti -> e - 
r(/i~ + Ti — > capture) 



2(£ L ) 2 4 EDJ R 



m, 



-i 2 



7T 



7 4 



Km, 



ZT(jj~ — > capture) 



(36) 
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where r(/i" -> capture) = T(capture) = 2.6 x 10 6 sec' 1 = 1.71 x 1(T 15 MeV for the Ti 
nucleus; Z = 22, N = 26 are the numbers of protons and neutrons in the nucleus; the 
effective electric charge of the nucleus Z e{i = 17.6; nuclear formfactor \F(q 2 )\ m 0.54; 
and k = 220. Using Eq. (jHSI) and F < 4.3 x 10~ 12 leads to the following bound: 



R 



TT^r captureZ F 



1/4 



or 



1? 



> 78 TeV(e L ) 



1/2 



7.8 TeV (e L = 0.01) 
2.5 TeV (e L = 0.001) ' 



(37) 



(38) 



2. 



3. K° K° mixing with |AG| = 

As was shown in [32], the K° ^ X 
consequently, is strongly suppressed by the selection rule (|25jl. Not surprisingly, the 
bounds on the compactification radius from this mixing process are very weak: 



K° transition is of the third order in AG and, 



— < 1.5 TeV (from Am^); 
R 



(39) 



b) — < 2.6 TeV (from possible effect on the CP-violation parameter Ek). (40) 
R 

All in all, K° X ^ K° mixing, being third order in AG, imposes no restriction on 
the branching fraction of the LFV-decay K\ — >• ^ . 

The ability to simultaneously accommodate several types of neutral-current LFV pro- 
cesses with different |AG| within the common framework of Ref. [31,32] is particularly at- 
tractive. In this model, using Eqs. (|50|) - (JHEJ), branching fractions of various LFV processes 
can be expressed as 

BR(LFV)i = tk/R^, (41) 

with 

R ~ek = \ R - l ^ G ) 1 ' 2 ^ (42) 

as given by the selection rule (J2HJ) - 

For processes allowed by the selection rule, i.e., the ones with AG = 0, Rj = Rr 1 . For 
the |AG| = 1 LFV processes we consider two values of the lepton mixing parameter el'- a) 
El — E q ~ 10~ 2 and b) El ~ 10 -3 (clearly, the AG selection rule is enforced more strongly 
for the latter case). 

The branching fractions for LFV-decays can be expressed as 

BR(LFV)i = ai/[i2 _4 (e' AG! ') 2 ]i, (43) 



17 



which gives 

a, = BR(LFVUR-\e\ AG \)%. (44) 

Therefore, similar sensitivity to possible lepton flavor violation can be achieved in different 
LFV-processes within the model [31,32], as long as they have the similar values of the 
effective radius iT* = [R-^e^) 1 ^. 

From the bound on the compactification scale of = 64 TeV, which comes from the most 
sensitive K\ — > e T /x ± decays with the current bound of BR{K\ — ► e =F /i ± ) < 4.7 x 10~ 12 , it is 
possible to estimate the expected branching fractions for other LFV-processes with similar 
sensitivity to lepton flavor violation: 

BR(LFV) t \ Rj=MTeV = |BR(LF\/)ex Pi = [i2 _ 4( ^ G)2] . } ^Tevj^ = 

ai/(64TeV) 4 (45) 

Assuming that the sensitivity of BR^K® —> e^jj^) ~ 10" 14 can be achieved in future kaon 
experiments, which corresponds to ^ = 298 TeV, the following sensitivities for other LFV- 
processes can be obtained: 

BR(LFV)i\ R -i =298 TcV = 0l /(298 TeV) 4 . (46) 

We summarize the results from Eqs. (45) and (46) in Table 3. As is seen from the Table, 
in the model with two extra dimensions [31,32] the sensitivity of kaon decays with AG = 0, 
especially K\ — > e =F /i ± , to lepton flavor violation may be several orders of magnitude larger 
than that in the LFV muon decays with | AG\ = 1, due to significant suppression of |AG| > 
transitions. 

It should be noted that the discussed model [31,32] is just one of many possible models 
with lepton flavor violation, as other, more complicated LFV-mechanisms may exist. In 
some of these models, purely leptonic processes (/x — > 3e, /x — > ej) are more sensitive to LFV 
compared with the quark-lepton processes; in others the latter are more sensitive than the 
former. It is important to study and compare various types of quark-lepton processes, e.g. 
s — > dfie and d — > dfie, as their sensitivities to LFV may differ within different theoretical 
frameworks and depend on the details of a particular model (e.g., the leptoquark charge, 
or a particular flavor of a technicolor model, etc). Finally, processes with lepton number 
violation, such as neutrinoless double /5-decay, Z — > (Z + 2) + 2e~, or exotic decays, such as 
K + — > 7r"ii + /i + , may play an important role in understanding lepton flavor violation. 

To conclude, the problem of lepton flavor violation is of crucial interest due to its pos- 
sible sensitivity to very large energy scales, well beyond the reach of the next generation 
of supercolliders (see [1,11,25-28,30-45] and references therein). An ambitious program of 
new searches for lepton flavor violation in rare muon decays is currently being developed. 
It is planned to increase the sensitivity of these experiments by 3 to 5 orders of magnitude 
compared with that achieved to date (see Table 1). While this program represents an im- 
portant direction for future studies of LFV, new searches for LFV in kaon decays are also 
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Figure 8: E865 data for K + — > it The dashed curve corresponds to BR(K + — > 

7r>V + ) - 3 x 1(T 9 . From Ref. [6]. 

important. They are complementary to the muon-decay experiments and therefore should 
be considered as an independent direction within the general program of understanding the 
mechanism of lepton flavor violation. We discuss several possible future kaon experiments 
in the next section. 



4 Future prospective searches for LFV in kaon decays 

Future studies of rare kaon LFV-decays are possible if the following two main conditions are 
met: 

a) Building intensive kaon sources that would allow for significant increase in statistical 
sensitivity to rare decays. 

b) Further development of reliable modern methods of rare decay identification and sup- 
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pression of background processes, which often limit the sensitivity of the existing ex- 
periments. 

Both of these conditions can be met in a new generation of kaon experiments at the 
existing intermediate-energy (25-120 GeV) accelerators, as well as at the machines currently 
under construction. The detectors for these new experiments must be based on modern 
technology to maximize their ability to operate at high rates, with the efficient identification 
of the decay products and very accurate momentum and time resolutions. 
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Figure 9: Simulation of background to the K + — > 7i~fi + fi + decay from the K + — > 7r~7r + 7r + 
process with two 7r + — > /i + z^ decays in flight in the CKM experiment [46,47] (shaded 
histograms). Open histograms that peak in each figure correspond to the signal (K + — > 
ir~fi + fi + ), with different vertical scales. In a) ,b) background is suppressed by standard 
kinematic cuts similar to those used in the E865 experiment. In c) ,d) background is fur- 
ther suppressed by special procedure based on redundant muon momentum measurements in 
both the magnetic spectrometer and RICH-based velocity spectrometer (see text and Refs. 
[46,47]). Comparison of the data in this figure with those in Fig. 8 demonstrates that the 
double muon constraint in CKM can reduce background from the 7r — > [iv^ decays in flight 
by over two orders of magnitude (to the level of BR(i^ + — > it~ ~ 10 -11 ) compared to 
that in E865. 
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Table 3: Sensitivities to various LFV-processes in the extra-dimensional model with approximately conserved fermion- 
generation quantum numbers [32]. 



BR(LFV) (90% 
C.L.) (existing ex- 
perimental data, see 
Table 1) 


1 A S~1 1 

AG 


rr>— 1/ IAG'IM/2l 

(TeV) 


rn-4/ IAGI\2l 

[R 4 (e l ^ (j| ) ]i 
(TeV) 4 


ai(LFV) 
(TeV) 4 


T71 J_ 1 1 1 

Expected branch- 
ing fractions 
for the LFV- 
processes normal- 
ized to the exist- 
ing K\ e T ^ 
decay data and 
R- 1 = 64 TeV 
(see Eq. (54)) 


bxpected branch- 
ing fractions for 
LFV-processes 
normalized to the 
expected future 
sensitivity for the 
K L — > e^n 
decay and 
R- 1 = 298 TeV 
(see Eq. (55)) 


Expected 
sensitivi- 
ties to the 
branching 
fractions 
of LFV- 
processes 
in future 
experiments 


BR(^^eV) < 
4.7 x 10~ 12 





64 


1.68 x 10 7 


7.90 xlO- 5 


BR(iY° -> etfi*) < 

4.7 x 10~ 12 
R- 1 = 64 


BR(K° L -> e^) - 

1Q -14 

i?" 1 = 298 


io- 13 

1Q -14 


BR (K + — >■ 7T + u + e~) < 
1.2 x 10~ n 


n 


22 


2 45 x 1 5 


6 85 x 1 0~ 6 


4 08 x 10 -13 


87 x 10 -15 

U.U 1 s\ X \J 


10" 12 

(CKM) [51] 


BR(/i"^eVe") < 
1.0 x 10~ 12 
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6.07(e L 

io- 2 ) 

1.92(e L 

io- 3 ) 


1.36 x 10 3 
1.36 x 10 


1.36 xl0~ 9 
1.36 x 

io- 11 


0.81 x 10~ 16 
0.81 x 10~ 18 


0.17 x 10~ 18 
0.17 x IO" 20 


io- 14 

10~ 15 [29] 


r(^capture) 
4.3 x 10~ 12 


1 


7.80(e L 

io- 2 ) 

2.47(e L 

IO" 3 ) 


3.70 x 10 3 
3.70 x 10 


1.59 x 10~ 8 
1.59 x 

io- 10 


0.94 x IO" 15 
0.94 x 10~ 17 


0.20 x IO" 17 
0.20 x 10~ 19 


~ io- 17 
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Note that columns 6-8 list expected branching 
e T fj^ (columns 6, 7) data or 



that in the K° L 



fractions for which the sensitivity to LFV processes will be comparable to 
in proposed future K\ — > e^ji^ experiments (column 8). 



Although no specific proposals for future LFV kaon-decay experiments exist to date, 
certain studies in this area are underway [37,46,47]. In the CKM experiment [46], along with 
the main goal to perform precision measurement of the rare decay K + — > 7i + uu, it is planned 
also to do parallel studies of several kaon LFV-decays: K + — > n + fi + e~ , K + — > n + fi~e + , and 
K + — > 7r~Z + / + (with the emphasis on the unique process K + — > It was shown 

that the superior design of the CKM detector would allow searches for LFV-decays to reach 
sensitivity at the level of BR ~ 10~ 12 , i.e., an order of magnitude better than that achieved 
in the E865 experiment [5,6], see Table 1. (Here and in the rest of this section, we quote 
sensitivities based on statistical-only uncertainties; the sensitivities will be revised downward, 
once a full-blown analysis of systematic uncertainties is completed.) Despite the lack of a 
detailed background analysis to the LFV searches performed in CKM thus far, some studies 
of the K + — > decay have been carried out, with the results expected to be quite 

promising. 

Note that the limit obtained by E865 [6] in this LFV-decay channel (BR < 3 x 1CT 9 ) was 
among the least restrictive limits set by this experiment, primarily due to copious background 
from the K + — > 7r~7r + 7r + decay with two n + mesons decaying in flight (n + — > /U + z/ M ) and thus 
"faking" muons in the E865 detector. The results of this measurement are presented in Fig. 8. 
As was shown via full GEANT Monte Carlo simulation of the CKM detector, a standard 
kinematic analysis (similar to that done in E865 [13]);) should yield a similar limit (BR < 
2.5 x 1CT 9 , at the 90% C.L.). However, the superior design of the CKM detector would allow 
to perform an optimized analysis based on the redundant momentum measurements for one of 
the muons both in the magnetic spectrometer and RICH-based velocity spectrometer. Monte 
Carlo simulations that incorporate this additional measurement demonstrate suppression of 
the 7T + — > background by two orders of magnitude compared to the conventional 

technique, which would allow to reach sensitivity of BR(K + — > < 1CT 11 (see Fig. 9 

and Ref. [47] for detail). 

While the CKM experiment at Fermilab has been initially approved, its current fate is 
unclear, due to the lack of available funds. The CKM group is working now on descoping 
the apparatus in order to reduce its price and get the appropriate funding [48]. We hope 
that it would still be possible to study LFV-decays, particularly the K + — > 7r~// + /i + decay, 
with the descoped detector. 

While it's important to pursue further studies of a variety of kaon LFV-decays, the 
main priority should be given to a new K\ — > e T measurement with maximum possible 
sensitivity. Below, we estimate the sensitivity, which can be achieved in future searches, 
and discuss various ways of handling backgrounds (see also [37,49,50]). Table 4 summarizes 
sensitivity that can be achieved using the K^-beam at the Fermilab Main Injector with one 
of the versions of the proposed KAMI experiment [49,50] (KAMI NEAR [49]). As is seen 
from the table, the sensitivity of this measurement is around BR(fT£ — > e^/r* 1 ) ~ 10~ 14 . 

At the 70 GeV IHEP accelerator in Protvino the sensitivity of BR(fT° -> e^/r^ < 10~ 13 
can be achieved, primarily due to the lower intensity of the proton beam and shorter run 
duration. Nevertheless, it is important to explore the possibility to increase the detector 
acceptance and the intensity of the neutral kaon beam by using asymmetric and large beam 
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Table 4: The KAMI-NEAR project [49] with the lf£-beam at the Fermilab Main Injector. 



Proton and secondary neu- 
tral beams 


Decay volume for the de- 
cays 


Sensitivity to the 
K\ — > e^//" 1 " decay 


Main Injector proton beam: 
E p = 120 GeV. 
I p ~ 3 x 10 13 p/cycle -> 
3.6 x 10 16 p/hour. 

~ 8mrad. 
Beam acceptance 
dfl= (2.5mrad.)x(2.5mrad). 
= 6.3/ister. 

fliiY cw\ fViP f arcrpf 1 ^ v 

IV^ 11 L17V Ull Lll" tal u -L . tJ /N 

10 9 i^o/cycle. 

The ratio of intensities 
n/Kl ~ 20. 


The distance from the tar- 
get to the decay volume: 
L = 40m. 

The decay length in the de- 
cay volume Z = 23m. 
The K\ decay probability in 

this volume ~ 10%. 

The number of K\ decays 

1.2 x lO^/cycle -> 1.4 x 
10 n ^/hour. 
(P(X°)) deca2/ ~ 15 GeV/c. 


The number of the de- 
cays in 2 years of run- 
ning (assuming 50% of dead 
time): 

JV = 1.7 x 10 15 K° L decays. 
The K° L -> £ ~ 10% 
detection efficiency 
Sensitivity: 

Hti{K L — > e^/i J ^ 1U 

In the KAMI experiment 
[50] with the reduced in- 
tensity the sensitivity is 
BR(K° L -> e =F/i±) < 10- 13 - 



spot. For example, the use of such an asymmetric beam in the KOPIO experiment at 
BNL [51], results in the acceptance increase from ~ 6 x /xster (see Table 4) to ~ 500 x /xster. 
The dimensions of the beam spot are ~ 120 x 10 cm 2 (see Fig. 10). Such a geometry 
would reduce efficiency losses due to the presence of a beam-hole in the detector and lower 
background from random coincidences. 

Design characteristics of the proposed next generation of intermediate-energy accelerators 
(Fermilab's Proton Driver to increase the intensity of the Main Injector, J-PARC project at 
KEK, accelerators for neutrino factories, see Refs. [37,52]) would allow to achieve sensitivity 
to the rare K\ — > e T ^ decay better than BR ~ 10~ 15 , limited mainly by background. 

Clearly, a full-fledged proposal for a new K\ — > e^fj^ measurement with the sensitivity 
at the level of BR ~ 10~ 13 — 10~ 14 would require careful studies of measurement technique 
and the detector design, detailed GEANT-based simulation of the detector response to both 
signal and background, and calibration studies. Here, we would like to point out just a few 
main design requirements for such a future experiment. 

1. Neutral kaon beam must be of an exceptional quality with minimal halo (at the level 
< 10 -4 of the beam intensity). To achieve this, beam formation and the collimation 
system must be designed very carefully. To illustrate this we present in Fig. 10 the 
results of a simulation of neutral beams for the KAMI experiment at Fermilab [50], 
based on data for the fT°-beam for the KTeV experiment and the beam proposed for 
use in KOPIO [51]. The neutral beam must be kept in high vacuum and should not 
interact with the detector material. 



24 



2. Forward part of the detector must contain two magnetic spectrometers following the 
decay volume, with exceptional spatial and momentum resolution to achieve a re- 
dundant double momentum measurement necessary to suppress the background from 
7r — > [w decays. The vacuum chamber must be located inside the yokes of the magnets. 
Low-mass drift straw tubes (which can work in vacuum) should be used as tracking 
detectors. Such a system has been developed and tested for the CKM experiment and 
demonstrated to work in high vacuum [53]. The primary beam must be channeled 
through a hole in the spectrometers; thus the counting rates in the detector will be 
mainly due to kaon decay products. 

3. Muon and electron identification system must be located behind the spectrometers. 
The beam is channeled through this system via a thin evacuated beam-pipe. A tran- 
sition radiation detector followed by an EM calorimeter (as in KTeV experiment) or 
a low-pressure Cherenkov detector can be used for electron identification. A conven- 
tional spectrometer can be used for muon identification (as in E871 [2]). However, it 
might be advantageous to perform simultaneous electron and muon identification with 
a high-precision RICH counter, as was proposed for CKM. It has been demonstrated 
that an additional measurement of muon velocity in such a detector will reduce the 
dominant 7r — > /iv background (see the discussion on the K + — > decay and 
Fig. 9). 

Main background processes to the K\ — > e T fj^ decay have been considered in Refs. [2,27]. 
The three main sources of background are: 

a) K° L — > 7i ± e T u e decay with a soft neutrino, followed by the pion decay tt^ — > ^i ± v e . In 
this case, the maximum mass of the e =F /i ± system is shifted noticeably relative to the 
M(K° L ): M{e^n ± ) max = M(K° L ) - 8.43 MeV [27]. Nevertheless, at the desired level of 
precision, even small non-Gaussian tails in the momentum resolution could result in 
contamination of the signal region from this process. 

b) Misidentification of secondary particles leading to a shift in the invariant mass distri- 
butions. 

c) Random coincidences of the decay particles from two different i^-mesons. The rate 
of this accidental background is increased with the intensity of the beam (the latter is 
essential for achieving ultimate sensitivity). 

For a proposal for a future K\ — > e =F /i ± experiment the suppression of all three back- 
ground components must be studied very carefully with full GEANT-based simulation of 
the detector, perhaps taking into account detector calibration. Particular attention must 
be devoted to non-Gaussian tails in the reconstructed invariant mass in the final states due 
to the 7r — > fiu^ decays or beam interactions in the detector. To reduce these effects it is 
important to minimize the amount of material in the detector and to develop highly-efficient 
tracking code using modern techniques (see, e.g., [54]). 
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To reduce the accidental background it is important to optimize the profile of the neutral 
beam (e.g., by using a distributed beam with an asymmetric profile, as in KOPIO [51], 
see Fig. 10). The readout system must be based on modern fast electronics. It may be 
possible to use novel high-rate tracking detectors based on Micromega TPC technology [53] 
as a particle-identification component of the detector, similar to the KABES detectors in 
NA48 at CERN. It might be worth considering a more complicated detection scheme for a 
two-body decay (such as K° L — > e T fj,^) experiment with a focusing superconductive solenoid 
with the magnetic field directed along the neutral kaon beam. However, such a system would 
complicate the detector design quite significantly. 

It must be bear in mind, that if a new high sensitivity program for the search for 
K\ —>■ e T fi ± decay will be achievd, than simultaneously a very important information on 
K° L — > decay and form factor F(qf; q%) of K\ — > 7*7* vertex from K\ — > fi + fi~e + e~ 

decay would be obtained. 

5 Conclusions 

The unique opportunities in the LFV kaon decays s — > dep, in models with approximate 
conservation of the fundamental-generation quantum number (AG = 0) present a defensible 
physics case for a new generation of rare kaon-decay experiments at the existing and future 
intermediate-energy accelerators with high-intensity kaon beams, particularly for a high- 
precision measurement of the K\ — > e T jj^ decay. The goal of these experiments is to increase 
the sensitivity to LFV kaon decays by 2-3 orders of magnitude compared to that achieved 
to date (see Table 1). These exciting, albeit difficult experiments are complementary to the 
new generation of rare LFV muon-decay experiments and therefore should be considered as 
an important part of general program of searches for lepton flavor violation in the processes 
with charged leptons. 
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Figure 10: Simulation of the profile for a low-halo neutral-kaon beam for KAMI [50] and 
KOPIO [51] experiments: a) K° L b earn in KAMI; b) Neutron beam in KAMI; c) Horizontal 
profile of the neutral beam in KOPIO; d) Vertical profile of the neutral beam in KOPIO. Note 
that the neutral beam in KOPIO is significantly asymmetric in the vertical and horizontal 
directions (by ~ 500 fister). 
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